Abstract: Hydrothermal carbonization (HTC) is a promising technology to convert wet biomass into carbon-rich materials. Until now, the chemical processes occurring and their influence on the product properties are not well understood. Therefore, a target-oriented production of materials with defined properties is difficult, if not impossible. Here, model compounds such as cellulose and lignin, as well as different definite biomasses such as straw and beech wood are converted by hydrothermal carbonization. Following this, thermogravimetic (TGA) and FTIR measurements are used to get information about chemical structure and thermal properties of the related hydrochars. Some of the isolated materials are thermally post-treated (490 • C and 700 • C) and analyzed. The results show that at "mild" HTC conversion, the cellulose part in a lignocellulose matrix is not completely carbonized and there is still cellulose present. Thermal post-treatment makes the properties of product materials more similar and shows complete carbonization with increase aromatic cross-linking, proven by TGA and FTIR results.
Introduction
Hydrothermal carbonization (HTC) has found an increasing interest, mainly in view of the opportunities to produce advanced carbon materials [1] [2] [3] [4] [5] . On the other hand, knowledge is still missing concerning the processes that happen during hydrothermal carbonization. Two main reaction pathways are likely to occur: on the one hand hydrolysis of the starting material followed by water elimination and consecutive polymerization to "coke". Hydroxymethylfurfural (HMF) obtained from hexoses and furfural from pentoses are the most important intermediates forming the carbon-rich material. Usually, if only this reaction pathway A (Figure 1 ) occurs, micro spheres are formed (see scanning electron microscope (SEM) picture left in Figure 1 ). In Figure 1 this carbon-rich material is typically called "coke", because of its formation via polymerization like coke in high-temperature dry conversions. On the other hand, the second pathway B (Figure 1 ) is a solid-to-solid conversion similar to charring phenomena found in dry conversions (mainly at low-temperature) [6, 7] . The product of HTC, however it is formed, is usually called hydrochar.
The temperatures used in HTC (around 200 • C) are too low to convert lignin completely [8] . Typically, under these experimental conditions a particle stays solid and in the original shape. The composition changes slightly [8] and some holes are formed ( Figure 1 , right picture at the bottom). This means that lignin mainly reacts via a solid-to-solid conversion, shown as reaction pathway B in Figure 1 (see also [9] ).
This means that lignin mainly reacts via a solid-to-solid conversion, shown as reaction pathway B in Figure 1 (see also [9] ). Lignocellulosic biomass contains both cellulose and lignin as well as hemicellulose plus ash ( Figure 2 ). The question is how these complex mixtures and structure behave during HTC. To study this, HTC of cellulose, lignin, straw, and beech wood was conducted. Also important is if specific differences in the structure of lignocellulosic materials, e.g., between straw and wood, have an influence on the structure of hydrochar. For comparison, some biomasses without lignin, namely cauliflower, field garlic and potato/carrot mixture as well as HMF, are converted. The hydrochars formed are analyzed with thermogravimetric analysis (TGA) and FTIR. TGA is a common method to study biomass [11] [12] [13] [14] and hydrochar composition [13, [15] [16] [17] and is here mainly used to detect residual cellulose from incomplete conversion of the biomass. Infrared spectra are often used to characterize hydrochar via the presence of characteristic, IR-active, functional groups (see for example: [18] ). Lignocellulosic biomass contains both cellulose and lignin as well as hemicellulose plus ash ( Figure 2 ). The question is how these complex mixtures and structure behave during HTC. To study this, HTC of cellulose, lignin, straw, and beech wood was conducted. Also important is if specific differences in the structure of lignocellulosic materials, e.g., between straw and wood, have an influence on the structure of hydrochar. For comparison, some biomasses without lignin, namely cauliflower, field garlic and potato/carrot mixture as well as HMF, are converted. This means that lignin mainly reacts via a solid-to-solid conversion, shown as reaction pathway B in Figure 1 (see also [9] ). Lignocellulosic biomass contains both cellulose and lignin as well as hemicellulose plus ash ( Figure 2 ). The question is how these complex mixtures and structure behave during HTC. To study this, HTC of cellulose, lignin, straw, and beech wood was conducted. Also important is if specific differences in the structure of lignocellulosic materials, e.g., between straw and wood, have an influence on the structure of hydrochar. For comparison, some biomasses without lignin, namely cauliflower, field garlic and potato/carrot mixture as well as HMF, are converted. The hydrochars formed are analyzed with thermogravimetric analysis (TGA) and FTIR. TGA is a common method to study biomass [11] [12] [13] [14] and hydrochar composition [13, [15] [16] [17] and is here mainly used to detect residual cellulose from incomplete conversion of the biomass. Infrared spectra are often used to characterize hydrochar via the presence of characteristic, IR-active, functional groups (see for example: [18] ). The hydrochars formed are analyzed with thermogravimetric analysis (TGA) and FTIR. TGA is a common method to study biomass [11] [12] [13] [14] and hydrochar composition [13, [15] [16] [17] and is here mainly used to detect residual cellulose from incomplete conversion of the biomass. Infrared spectra are often used to characterize hydrochar via the presence of characteristic, IR-active, functional groups (see for example: [18] ). 
Results and Discussion
As usually observed [4, 5, 8] the carbon content of the hydrochar is higher and the oxygen content is lower compared with the original biomass ( Table 1 ). The effect is rather small for pure lignin (Table 1) [8] . Concerning the structure of biomass or hydrochar, TGA and IR analysis gives more information. Figure 3 shows the DTG curve (DTG: Differential thermogravimetry = first derivative of the TG/TGA curve) of pure cellulose, xylan as model compound for hemicelluloses and lignin. They present the main components of biomass. Xylan has the lowest thermal stability [17] . Cellulose also shows a sharp and significant peak like xylan, but at higher temperature [17] . The extent of the weight loss at a certain temperature is a direct consequence of the uniform type of chemical bonds connecting the sugar monomers to the polymeric carbohydrate. Xylan, or hemicellulose, is a branched polymer, cellulose not. As consequence, cellulose is partly crystallized, and the single polymers strains stabilized each other by hydrogen bonds. Lignin consists of different type of bonds with different thermal stability. As a consequence, lignin degrades in a wide range of temperatures therefore giving no clear peak in the DTG curve [17, 20] .
The lignocellulosic materials wheat straw and beach wood consist of hemicellulose, cellulose, and lignin ( Figure 2 ). Figure 4 shows the DTG curves of these two biomasses. Beach wood shows a characteristic cellulose peak with a shoulder, caused by hemicellulose. In the case of straw, cellulose and hemicellulose peaks coalesce to one broader one. This indicates that the structure is different, causes by differing interconnections within the material (Figure 2 ). The lignocellulosic materials wheat straw and beach wood consist of hemicellulose, cellulose, and lignin ( Figure 2 ). Figure 4 shows the DTG curves of these two biomasses. Beach wood shows a characteristic cellulose peak with a shoulder, caused by hemicellulose. In the case of straw, cellulose and hemicellulose peaks coalesce to one broader one. This indicates that the structure is different, causes by differing interconnections within the material (Figure 2 ). Figure 5 shows the DTG curves of hydrochar produced by the HTC of beech wood at different reactions times and performed at 220 °C carbonization temperature, bearing some resemblance with data from the literature [9] . There is no hemicellulose peak or even shoulder any more. This reminds of DTG curves recorded during "dry" torrefactions: The hemicellulose as the most reactive component is carbonized at the lowest temperature [22] . The cellulose peak is still visible but decreases with the reaction time. Compared to the biomass results (Figure 4 ), a small peak at around 420 °C is detected after HTC ( Figure 5 ). This weight loss can be tentatively attributed to intermediary carbonization products, like short-chained polymers. As shown in Figure 1 , hydrochar is likely to be formed via polymerization of solved molecules. After 17 h reaction ( Figure 5 ), the residual cellulose peak and the peak or the carbonization product seems to have merged. Figure 6 shows the DTG curve of hydrochar from straw produced at 220 °C and different reaction times. Compared to the DTG curve of the non-carbonized biomass (Figure 4) , the peak is shifted, because of the conversion of hemicellulose via carbonization. This degradation of hemicellulose as the first biomass compound is in accordance with other studies [23] . The hydrochar The lignocellulosic materials wheat straw and beach wood consist of hemicellulose, cellulose, and lignin ( Figure 2 ). Figure 4 shows the DTG curves of these two biomasses. Beach wood shows a characteristic cellulose peak with a shoulder, caused by hemicellulose. In the case of straw, cellulose and hemicellulose peaks coalesce to one broader one. This indicates that the structure is different, causes by differing interconnections within the material (Figure 2 ). Figure 5 shows the DTG curves of hydrochar produced by the HTC of beech wood at different reactions times and performed at 220 °C carbonization temperature, bearing some resemblance with data from the literature [9] . There is no hemicellulose peak or even shoulder any more. This reminds of DTG curves recorded during "dry" torrefactions: The hemicellulose as the most reactive component is carbonized at the lowest temperature [22] . The cellulose peak is still visible but decreases with the reaction time. Compared to the biomass results ( Figure 4 ), a small peak at around 420 °C is detected after HTC ( Figure 5 ). This weight loss can be tentatively attributed to intermediary carbonization products, like short-chained polymers. As shown in Figure 1 , hydrochar is likely to be formed via polymerization of solved molecules. After 17 h reaction ( Figure 5 ), the residual cellulose peak and the peak or the carbonization product seems to have merged. Figure 6 shows the DTG curve of hydrochar from straw produced at 220 °C and different reaction times. Compared to the DTG curve of the non-carbonized biomass (Figure 4 ), the peak is shifted, because of the conversion of hemicellulose via carbonization. This degradation of hemicellulose as the first biomass compound is in accordance with other studies [23] . The hydrochar Figure 5 shows the DTG curves of hydrochar produced by the HTC of beech wood at different reactions times and performed at 220 • C carbonization temperature, bearing some resemblance with data from the literature [9] . There is no hemicellulose peak or even shoulder any more. This reminds of DTG curves recorded during "dry" torrefactions: The hemicellulose as the most reactive component is carbonized at the lowest temperature [22] . The cellulose peak is still visible but decreases with the reaction time. Compared to the biomass results ( Figure 4 ), a small peak at around 420 • C is detected after HTC ( Figure 5 ). This weight loss can be tentatively attributed to intermediary carbonization products, like short-chained polymers. As shown in Figure 1 , hydrochar is likely to be formed via polymerization of solved molecules. After 17 h reaction ( Figure 5 ), the residual cellulose peak and the peak or the carbonization product seems to have merged. Figure 6 shows the DTG curve of hydrochar from straw produced at 220 • C and different reaction times. Compared to the DTG curve of the non-carbonized biomass (Figure 4 ), the peak is shifted, because of the conversion of hemicellulose via carbonization. This degradation of hemicellulose as the first biomass compound is in accordance with other studies [23] . The hydrochar from straw ( Figure 6 ) shows lower residual cellulose peaks at 2 h and 4 h reaction times, compared with the hydrochar from wood ( Figure 5 ). In the case of straw hydrochar ( Figure 6 ) and after 17 h reaction time, no "cellulose peak" is visible. Instead, the peak attributed to a carbonization product/short polymer emerged at around 420 • C. The results here are similar to studies with sugarcane bagasse [24] . The "lignin-like" behavior of hydrochars, e.g., in TGA studies, is mentioned by several authors, e.g., [25] . The results indicate that in the case of straw the shielding effect of lignin against hydrolysis is weaker than for wood.
In several studies, agricultural residues are discussed as feedstock for hydrothermal carbonization. As representatives of agricultural residues, which are not lignocellulosic like straw, different feedstock with no or very low lignin content are studied. These are cauliflower leaves, field garlic and a mixture of carrots and potatoes. from straw ( Figure 6 ) shows lower residual cellulose peaks at 2 h and 4 h reaction times, compared with the hydrochar from wood ( Figure 5 ). In the case of straw hydrochar ( Figure 6 ) and after 17 h reaction time, no "cellulose peak" is visible. Instead, the peak attributed to a carbonization product/short polymer emerged at around 420 °C. The results here are similar to studies with sugarcane bagasse [24] . The "lignin-like" behavior of hydrochars, e.g., in TGA studies, is mentioned by several authors, e.g., [25] . The results indicate that in the case of straw the shielding effect of lignin against hydrolysis is weaker than for wood. In several studies, agricultural residues are discussed as feedstock for hydrothermal carbonization. As representatives of agricultural residues, which are not lignocellulosic like straw, different feedstock with no or very low lignin content are studied. These are cauliflower leaves, field garlic and a mixture of carrots and potatoes. . DTG of hydrochar from straw (10% dry mass, 220 °C), produced with different reaction times, modified from [21] . Figure 7 shows the DTG curves of the hydrochars from these vegetables. They are definitely completely different from the curves originating from lignocelluloses ( Figures 5 and 6 ). For the vegetable hydrochars, the DTG curves show no cellulose peak, but the "carbonization product" peak.
To support the idea that the small peak above 400 °C is a polymerization product formed during HTC, a hydrochar obtained from hydroxymethylfurfural (HMF) was analyzed. HMF being the from straw ( Figure 6 ) shows lower residual cellulose peaks at 2 h and 4 h reaction times, compared with the hydrochar from wood ( Figure 5 ). In the case of straw hydrochar ( Figure 6 ) and after 17 h reaction time, no "cellulose peak" is visible. Instead, the peak attributed to a carbonization product/short polymer emerged at around 420 °C. The results here are similar to studies with sugarcane bagasse [24] . The "lignin-like" behavior of hydrochars, e.g., in TGA studies, is mentioned by several authors, e.g., [25] . The results indicate that in the case of straw the shielding effect of lignin against hydrolysis is weaker than for wood. In several studies, agricultural residues are discussed as feedstock for hydrothermal carbonization. As representatives of agricultural residues, which are not lignocellulosic like straw, different feedstock with no or very low lignin content are studied. These are cauliflower leaves, field garlic and a mixture of carrots and potatoes. . DTG of hydrochar from straw (10% dry mass, 220 °C), produced with different reaction times, modified from [21] . Figure 7 shows the DTG curves of the hydrochars from these vegetables. They are definitely completely different from the curves originating from lignocelluloses ( Figures 5 and 6 ). For the vegetable hydrochars, the DTG curves show no cellulose peak, but the "carbonization product" peak.
To support the idea that the small peak above 400 °C is a polymerization product formed during HTC, a hydrochar obtained from hydroxymethylfurfural (HMF) was analyzed. HMF being the Figure 6 . DTG of hydrochar from straw (10% dry mass, 220 • C), produced with different reaction times, modified from [21] .
Energies 2018, 11, 674 6 of 12 Figure 7 shows the DTG curves of the hydrochars from these vegetables. They are definitely completely different from the curves originating from lignocelluloses ( Figures 5 and 6 ). For the vegetable hydrochars, the DTG curves show no cellulose peak, but the "carbonization product" peak. To support the idea that the small peak above 400 • C is a polymerization product formed during HTC, a hydrochar obtained from hydroxymethylfurfural (HMF) was analyzed. HMF being the supposed monomer involved in the polymerization to hydrochar [26] . The DTG of this hydrochar shows indeed a peak in the same range than the others; in contrast it is broader (Figure 8) .
The results concerning the occurrence of a hydrochar related peak in TGA are in accordance of a study, which shows DTG curves of the products of reaction pathway A and B shown in Figure 1 [7] . In the case of lignocellulosic materials, the complex structure leads to a decrease in hydrolysis rate, especially because lignin shield cellulose from hydrolysis ( Figure 2 ). In addition, cellulose is partly crystalline, which also reduces the hydrolysis rate. As consequence, the reaction pathway B (Figure 1 ) is more dominant than A. This means that although the chemistry of HTC is completely different compared with dry pyrolysis process, there some similarity with torrefaction. The ratio of reaction pathway A to B strongly depends on the structure, as the difference between straw and wood shows. The vegetables react completely via reaction pathway A (Figure 1 ).
Energies 2018, 11, x 6 of 12 supposed monomer involved in the polymerization to hydrochar [26] . The DTG of this hydrochar shows indeed a peak in the same range than the others; in contrast it is broader (Figure 8) .
The results concerning the occurrence of a hydrochar related peak in TGA are in accordance of a study, which shows DTG curves of the products of reaction pathway A and B shown in Figure 1 [7] . In the case of lignocellulosic materials, the complex structure leads to a decrease in hydrolysis rate, especially because lignin shield cellulose from hydrolysis ( Figure 2 ). In addition, cellulose is partly crystalline, which also reduces the hydrolysis rate. As consequence, the reaction pathway B (Figure 1 ) is more dominant than A. This means that although the chemistry of HTC is completely different compared with dry pyrolysis process, there some similarity with torrefaction. The ratio of reaction pathway A to B strongly depends on the structure, as the difference between straw and wood shows. The vegetables react completely via reaction pathway A (Figure 1 ). TGA or DTG measurements alone give no information about the general structure of hydrochars. Therefore, FTIR-measurements were conducted. Figure 9 shows the spectra of hydrochar from straw, cellulose, and lignin. The infra-red spectra give valuable info about the functional groups and structure of hydrochar. The use of this spectroscopy is common in thermochemical biomass conversion and well documented allowing a relatively easy assignment of the IR absorption bands [27, 28] . The IR spectra of hydrochar, produced at 220 °C (Figure 9) , from straw and cellulose [17] , supposed monomer involved in the polymerization to hydrochar [26] . The DTG of this hydrochar shows indeed a peak in the same range than the others; in contrast it is broader (Figure 8) .
The results concerning the occurrence of a hydrochar related peak in TGA are in accordance of a study, which shows DTG curves of the products of reaction pathway A and B shown in Figure 1 [7] . In the case of lignocellulosic materials, the complex structure leads to a decrease in hydrolysis rate, especially because lignin shield cellulose from hydrolysis ( Figure 2 ). In addition, cellulose is partly crystalline, which also reduces the hydrolysis rate. As consequence, the reaction pathway B (Figure 1 ) is more dominant than A. This means that although the chemistry of HTC is completely different compared with dry pyrolysis process, there some similarity with torrefaction. The ratio of reaction pathway A to B strongly depends on the structure, as the difference between straw and wood shows. The vegetables react completely via reaction pathway A (Figure 1 ). TGA or DTG measurements alone give no information about the general structure of hydrochars. Therefore, FTIR-measurements were conducted. Figure 9 shows the spectra of hydrochar from straw, cellulose, and lignin. The infra-red spectra give valuable info about the functional groups and structure of hydrochar. The use of this spectroscopy is common in thermochemical biomass conversion and well documented allowing a relatively easy assignment of the IR absorption bands TGA or DTG measurements alone give no information about the general structure of hydrochars. Therefore, FTIR-measurements were conducted. Figure 9 shows the spectra of hydrochar from straw, cellulose, and lignin. The infra-red spectra give valuable info about the functional groups and structure of hydrochar. The use of this spectroscopy is common in thermochemical biomass conversion and well documented allowing a relatively easy assignment of the IR absorption bands [27, 28] . The IR spectra of hydrochar, produced at 220 • C (Figure 9) , from straw and cellulose [17] , produced are very similar: strong "stretching" adsorption bands at 3400 and 2900 cm −1 for ν(O-H) and ν(C sp3 -H), a distinct ν(C=O)-band at 1700 cm −1 and a ν(C=C)-band at 1600 cm −1 . In addition, there is a very strong adsorption band at 1100 cm −1 , assigned to the stretch vibrations of the C-C-and C-O-bonds and the deformation vibrations of the CH-, OH-and CH 2 -groups of the glycosyl-units of cellulose.
The spectrum of lignin hydrochar shows typical aromatic bands: pronounced ν(C=C)-bands at around 1600 cm −1 and a deformation band δ(C-H) (out of plane) at 830 cm −1 . Strong bands at 1200 cm −1 are generally characteristic ν(C-O)-vibration found in ethers and phenols [17] . The spectra of lignin [17] and its hydrochar, produced at 220 °C, are very similar ( Figure 10 ). This shows the high stability of the phenolic skeleton of lignin, which is only slightly modified under HTC conditions. This is illustrated by pathway B in Figure 1 ; a small part of the lignin is dissolved leading to some holes in the overall structure (picture at the bottom left, in Figure 1 ), leaving the main structure only slightly changed. Therefore, both lignin and hydrochar shows the typical adsorption bands of intricate, cross-linked polyphenolic network. The strong adsorption bands at around 1600 and 1200 cm −1 could be mainly caused by the stretch vibrations of C=C and C-O bonds present in ligninic materials. Typical for aromatics is the deformation vibration δ(C-H) (out of plane) at 830 cm −1 . For the bands at 1600 and 1200 cm −1 a small contribution of the deformation vibration (δ) of OH-and CH-groups of syringyl-units cannot be ruled out. Signals related to alkyl-fragments can be found at around 2800 cm −1 , characteristic of ν(Csp3-H) adsorption bands. In comparison, the C-H stretching band of aromatics could not be clearly detected due to its typical low intensity (ν(Csp2-H) @ 3000-3100 cm −1 ). After carbonization (220 °C) the ν(C=O)-adsorption band at 1702 cm −1 increases slightly, similar to the deformation band δ(C-H) (out of plane) at 830 cm −1 . This implies the formation of complex quinones, carboxylates and aromatics obtained via further crosslinking induced by the thermal treatment (See also [9] ).
In contrast to the results with lignin, the hydrochar from cellulose [17] gives completely different IR spectra (Figures 11 and 12 , see also [9] ). The spectrum of cellulose is typical for carbohydrates: stretch vibrations of C-C and C-O bonds and deformation vibrations of the CH-, OH-and CH2-groups could cause strong adsorption bands between 950 cm −1 and 1200 cm −1 . After carbonization, the intensity of many of these bands decreases, due the transformation of the carbohydrate structure. Concurrently, a new ν(C=O) adsorption band at 1702 cm −1 occurs. This hints to the formation of quinones and carboxylate groups (e.g., ester) by the thermal treatment. The new adsorption band at The spectra of lignin [17] and its hydrochar, produced at 220 • C, are very similar (Figure 10 ). This shows the high stability of the phenolic skeleton of lignin, which is only slightly modified under HTC conditions. This is illustrated by pathway B in Figure 1 ; a small part of the lignin is dissolved leading to some holes in the overall structure (picture at the bottom left, in Figure 1 ), leaving the main structure only slightly changed. Therefore, both lignin and hydrochar shows the typical adsorption bands of intricate, cross-linked polyphenolic network. The strong adsorption bands at around 1600 and 1200 cm −1 could be mainly caused by the stretch vibrations of C=C and C-O bonds present in ligninic materials. Typical for aromatics is the deformation vibration δ(C-H) (out of plane) at 830 cm −1 . For the bands at 1600 and 1200 cm −1 a small contribution of the deformation vibration (δ) of OH-and CH-groups of syringyl-units cannot be ruled out. Signals related to alkyl-fragments can be found at around 2800 cm −1 , characteristic of ν(C sp3 -H) adsorption bands. In comparison, the C-H stretching band of aromatics could not be clearly detected due to its typical low intensity (ν(C sp2 -H) @ 3000-3100 cm −1 ). After carbonization (220 • C) the ν(C=O)-adsorption band at 1702 cm −1 increases slightly, similar to the deformation band δ(C-H) (out of plane) at 830 cm −1 . This implies the formation of complex quinones, carboxylates and aromatics obtained via further crosslinking induced by the thermal treatment (See also [9] ). In contrast to the results with lignin, the hydrochar from cellulose [17] gives completely different IR spectra (Figures 11 and 12 , see also [9] ). The spectrum of cellulose is typical for carbohydrates: stretch vibrations of C-C and C-O bonds and deformation vibrations of the CH-, OH-and CH 2 -groups could cause strong adsorption bands between 950 cm −1 and 1200 cm −1 . After carbonization, the intensity of many of these bands decreases, due the transformation of the carbohydrate structure. Concurrently, a new ν(C=O) adsorption band at 1702 cm −1 occurs. This hints to the formation of quinones and carboxylate groups (e.g., ester) by the thermal treatment. The new adsorption band at 1618 cm -1 could be tentatively attributed to an overlap of ν (C=C)-and δ(O-H)-vibrations (supported by the  complimentary ν(O-H)-band at 3416 cm −1 ) . The complex and broad overlapping of adsorption bands between 1200 and 1450 cm −1 as well as the decrease of the ν (C-O)-and ν(O-H) -bands at 3400 plus the ν(C-H)-band at 2900 cm −1 suggests a dehydration and partial aromatization of the material during thermal treatment. The results reported here are in accordance with other studies, e.g., [9, 23] . Kang et al. for instance showed that the carbonization is connected to a decrease of crystallinity, as measured by X-ray diffraction (XRD) [9] . It is obvious that after the loss of OH-groups, no hydrogen bonds, main driver for the crystallinity of the material, can be formed. This is also in agreement with the concept of the formation of hydroxymethylfurfural (HMF) as intermediate polymerizing to hydrochar. The formation of HMF is a water elimination with the loss of OH-groups with formation of an aromatic structure [1] .
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plus the ν(C-H)-band at 2900 cm −1 suggests a dehydration and partial aromatization of the material during thermal treatment. The results reported here are in accordance with other studies, e.g., [9, 23] . Kang et al. for instance showed that the carbonization is connected to a decrease of crystallinity, as measured by X-ray diffraction (XRD) [9] . It is obvious that after the loss of OH-groups, no hydrogen bonds, main driver for the crystallinity of the material, can be formed. This is also in agreement with the concept of the formation of hydroxymethylfurfural (HMF) as intermediate polymerizing to hydrochar. The formation of HMF is a water elimination with the loss of OH-groups with formation of an aromatic structure [1] . Comparing the hydrochar IR spectrum from cellulose produced at 220 °C ( Figure 11 ) with that of the hydrochar produced at 250 °C (Figure 12 ), the decrease of the typical carbohydrate vibration bands is obvious. This is in line with the DTG measurement of the lignocellulosic biomasses ( Figure  5 and Figure 6 ): with increasing HTC-temperatures, a larger amount of cellulose is carbonized (see also [4] ).
The hydrochars from straw and beech wood, produced at 220 °C, 4 h reaction time and 10% dry mass, are post-treated in a nitrogen flow at 490 °C and 700 °C, respectively. The DTG curves of the post-treated hydrochars are shown in Figure 13 . They are very similar for the different post-treatment plus the ν(C-H)-band at 2900 cm −1 suggests a dehydration and partial aromatization of the material during thermal treatment. The results reported here are in accordance with other studies, e.g., [9, 23] . Kang et al. for instance showed that the carbonization is connected to a decrease of crystallinity, as measured by X-ray diffraction (XRD) [9] . It is obvious that after the loss of OH-groups, no hydrogen bonds, main driver for the crystallinity of the material, can be formed. This is also in agreement with the concept of the formation of hydroxymethylfurfural (HMF) as intermediate polymerizing to hydrochar. The formation of HMF is a water elimination with the loss of OH-groups with formation of an aromatic structure [1] . Comparing the hydrochar IR spectrum from cellulose produced at 220 °C ( Figure 11 ) with that of the hydrochar produced at 250 °C (Figure 12 ), the decrease of the typical carbohydrate vibration bands is obvious. This is in line with the DTG measurement of the lignocellulosic biomasses ( Figure  5 and Figure 6 ): with increasing HTC-temperatures, a larger amount of cellulose is carbonized (see also [4] ).
The hydrochars from straw and beech wood, produced at 220 °C, 4 h reaction time and 10% dry Comparing the hydrochar IR spectrum from cellulose produced at 220 • C (Figure 11 ) with that of the hydrochar produced at 250 • C (Figure 12 ), the decrease of the typical carbohydrate vibration bands is obvious. This is in line with the DTG measurement of the lignocellulosic biomasses ( Figures 5  and 6 ): with increasing HTC-temperatures, a larger amount of cellulose is carbonized (see also [4] ).
The hydrochars from straw and beech wood, produced at 220 • C, 4 h reaction time and 10% dry mass, are post-treated in a nitrogen flow at 490 • C and 700 • C, respectively. The DTG curves of the post-treated hydrochars are shown in Figure 13 . They are very similar for the different post-treatment temperatures. The cellulose peak is gone, in agreement with other studies showing that thermal treatment of different hydrochars or biomass actually levels the final characteristics of the hydrochars [29] .
Energies 2018, 11, x 9 of 12 temperatures. The cellulose peak is gone, in agreement with other studies showing that thermal treatment of different hydrochars or biomass actually levels the final characteristics of the hydrochars [29] . The DTG comparison of beech wood and straw post-treated hydrochars shows a peak at 700 °C for beech wood ( Figure 13 ). This is typical for beech wood lignin [22] . In general, the DTG curves of the post-treated hydrochars are similar to that recorded for lignin (Figure 3 ).
In addition, the IR-spectra of the post-treated hydrochars are very similar ( Figure 14) . Broad adsorption bands at 1600 and 1200 cm −1 and the decrease of the ν(C-O)-band at 1700 cm −1 , the ν(O-H)-band at 3400 cm −1 plus the ν(Csp3-H)-band at 2900 cm −1 show that further dehydration and aromatization take place during thermal post-treatment. In comparison to the spectrum of lignin hydrochar, produced at 220 °C (Figure 14) , the bands characteristic for alkyl-chains, alcohols (e.g., phenols) and quinones decreases by post-treatment.
The results reported above give some hints about what kind of chemical conversion occurs. Hydrothermal carbonization of carbohydrates can be regarded as a hydrolysis to sugars followed by water elimination to produce furfurals with a consecutive poly-condensation (Figure 1 ). In the case of lignocelloses, the lignin network shields the cellulose from hydrolysis ( Figure 2) . Therefore, cellulose peaks are visible in DTG after HTC at lower temperatures and/or shorter reaction times. This was illustrated by the cellulose peak in DTG and stronger OH-stretching / deformation bands in IR measurements. The results are in accordance with HTC studies performed with coconut fiber and dried eucalyptus leaves [30] . The DTG comparison of beech wood and straw post-treated hydrochars shows a peak at 700 • C for beech wood ( Figure 13 ). This is typical for beech wood lignin [22] . In general, the DTG curves of the post-treated hydrochars are similar to that recorded for lignin (Figure 3 ).
In addition, the IR-spectra of the post-treated hydrochars are very similar ( Figure 14 ). Broad adsorption bands at 1600 and 1200 cm −1 and the decrease of the ν(C-O)-band at 1700 cm −1 , the ν(O-H)-band at 3400 cm −1 plus the ν(Csp 3 -H)-band at 2900 cm −1 show that further dehydration and aromatization take place during thermal post-treatment. In comparison to the spectrum of lignin hydrochar, produced at 220 • C (Figure 14) , the bands characteristic for alkyl-chains, alcohols (e.g., phenols) and quinones decreases by post-treatment. The DTG comparison of beech wood and straw post-treated hydrochars shows a peak at 700 °C for beech wood ( Figure 13 ). This is typical for beech wood lignin [22] . In general, the DTG curves of the post-treated hydrochars are similar to that recorded for lignin (Figure 3) .
The results reported above give some hints about what kind of chemical conversion occurs. Hydrothermal carbonization of carbohydrates can be regarded as a hydrolysis to sugars followed by water elimination to produce furfurals with a consecutive poly-condensation (Figure 1 ). In the case of lignocelloses, the lignin network shields the cellulose from hydrolysis ( Figure 2) . Therefore, cellulose peaks are visible in DTG after HTC at lower temperatures and/or shorter reaction times. This was illustrated by the cellulose peak in DTG and stronger OH-stretching / deformation bands in IR measurements. The results are in accordance with HTC studies performed with coconut fiber and dried eucalyptus leaves [30] . The results reported above give some hints about what kind of chemical conversion occurs. Hydrothermal carbonization of carbohydrates can be regarded as a hydrolysis to sugars followed by water elimination to produce furfurals with a consecutive poly-condensation (Figure 1 ). In the case of lignocelloses, the lignin network shields the cellulose from hydrolysis ( Figure 2) . Therefore, cellulose peaks are visible in DTG after HTC at lower temperatures and/or shorter reaction times. This was illustrated by the cellulose peak in DTG and stronger OH-stretching/deformation bands in IR measurements. The results are in accordance with HTC studies performed with coconut fiber and dried eucalyptus leaves [30] . 
Materials and Methods
The experiments were conducted in autoclaves with an internal volume of 10 mL (for details see [8] ). The biomass feedstocks studied were model compounds like cellulose, xylan and lignin. In addition, straw, beech wood, cauliflower leaves, field garlic and a mixture of carrots with potatoes was used. The composition of the lignocellulosic feedstocks is given in Table 2 . The feedstock was milled, in the case of biomass, and carefully mixed before use. Furnaces were used for heating. Pressure in the autoclaves was triggered via the filling level. The autoclaves were filled with crushed biomass and water. The dry matter (DM) content was 10 or 20 wt %. After cooling, the autoclave was opened in a gas-tight container, such that the gas volume and gas composition could be determined. The product mixture was filtered and dried at 80 °C over night. The element composition of the hydrochars was determined (using Elementar Vario EL III, Elementar Analysensysteme GmbH, Elementar-Straße 1, 63505 Langenselbold, Germany). A thermogravimetric balance TGA851 by Mettler-Toledo (STARe-Software version 16.00, by Mettler-Toledo, Ockerweg 3, 35396 Gießen, Germany) measured the thermal behavior. Here, 8 mg are heated with 10 K/min up to 900 °C in nitrogen atmosphere. In addition, the solid product is characterized as KBr-pellets using a Varian IRFT spectrometer (Varian 660).
The post-heating experiments were also done in identical autoclaves. Here the HTC coal and nitrogen was filled in the autoclave and heated to temperature up to 490 or 700 °C. The solid is analyzed in the same way as described above.
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